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Abstract
Background Juvenile Dermatomyositis (JDM) is a rare pediatric autoimmune disease involving a combination 
of environmental and genetic susceptibility factors. Monozygotic twins provide a unique opportunity to examine 
disease-specific gene expression as they share the same DNA. The goal of this study is to characterize gene expression 
differences between monozygotic twins discordant for JDM.

Methods Five pairs of monozygotic twins were included. Each twin set was discordant for JDM. Detailed clinical and 
laboratory assessments were performed at enrollment. Nailfold capillary end row loops (ERL) count was obtained 
for all study subjects. Serum levels of cytokines and chemokines were measured using the Meso Scale Discovery® 
technique. Three pairs of twins had their peripheral blood mononuclear cells (PBMCs) tested by RNASeq.

Results The JDM twin had significantly lower nailfold capillary ERL than the healthy control, and two non-JDM twins 
also had decreased ERL In addition, serum endoglin was significantly lower in both JDM and non-JDM twins than in 
the healthy control. RNASeq identified four genes differentially expressed between the JDM and non-JDM twins: DCD, 
KRT14, COL1A1, and COL3A1.

Conclusions JDM twins (and two of the non-JDM twins) had significantly lower nailfold capillary ERL and 
decreased serum endoglin levels compared to healthy controls. Further studies are needed to explore the role of the 
differentially expressed genes (DCD, KRT14, COL1A1, and COL3A1) in the pathophysiology of JDM.
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Background
Autoimmune diseases, including Juvenile Dermatomyo-
sitis (JDM), are considered to involve a combination of 
environmental and genetic susceptibility factors [1, 2]. 
JDM is a pediatric autoimmune disease with an annual 
incidence of 3.2–4.1 cases per million children in the 
United States [3]. JDM is characterized by symmetrical 
muscle weakness and an erythematous rash in specific 
areas, such as the periorbital area and over the knuckles 
on the hands, the elbows, and the knees [1, 4]. In addi-
tion, children with JDM typically have a rash in the peri-
ungual area, which is associated with loss of the end row 
capillary loops [5, 6]. Although JDM has been classified 
as a vasculopathy [7, 8], evidence suggests it shares vas-
culitis characteristics [9, 10]. This association is further 
supported by an elevated von Willebrand Factor Antigen 
(vWF: Ag) in severe JDM [11] and increased circulating 
endothelial cells, which are associated with extra-muscu-
lar disease activity [12]. Myositis-specific antibody (MSA) 
is another important aspect of disease pathophysiology 
that has recently provided a valuable means of classify-
ing children into disease subgroups, each with distinctive 
clinical and serologic characteristics [1]. A previous study 
has provided evidence for the dominant role of genetics 
in JDM by showing that around 50% of individuals with 
JDM have a family history of autoimmune diseases, such 
as systemic lupus erythematosus (SLE) and type 1 diabe-
tes [4, 13]. Additionally, JDM children with a family his-
tory of SLE have higher levels of interferon-alpha (IFN-α) 
activity than those children without a background of SLE, 
highlighting the shared genetic susceptibility between 
JDM and SLE through the interferon pathway [13]. This is 
further corroborated by genome-wide association stud-
ies [14]. While traditional inflammatory markers, such 
as erythrocyte sedimentation rate (ESR), are elevated in 
approximately 30% of JDM patients, neopterin—pro-
duced by macrophages upon interferon stimulation—is 
elevated in the majority of treatment-naïve patients [15]. 
Additionally, strong correlations have been observed 
between CXCL10, CXCL11, and neopterin levels, sug-
gesting that the interferon pathway plays a crucial role in 
JDM pathophysiology [15]. Monozygotic twins provide 
a unique opportunity to examine disease-specific gene 
expression as they share the same DNA [16, 17]. The goal 
of this study is to characterize clinical, serological and 
gene expression differences present in monozygotic twins 
discordant for JDM.

In this report, we conducted a thorough clinical and 
laboratory evaluation of 5 pairs of monozygotic twins 
discordant for JDM. Of note, in one twin pair, both chil-
dren had developed the same MSA—Mi-2, but only one 
twin fulfilled the clinical diagnostic criteria for JDM. In 
addition, three pairs of twins had their peripheral blood 
mononuclear cells (PBMCs) tested by RNASeq.

Methods
Study subjects
To assess gene expression and clinical differences in 
monozygotic twins discordant for JDM were recruited 
for the study. All twins with JDM were diagnosed and 
followed by a pediatric rheumatologist experienced in 
JDM and recruited using advertisements and word of 
mouth. Discordancy for JDM was reported by the par-
ent and confirmed by the pediatric rheumatologist. 
Five pairs of twins meeting these criteria, living in the 
USA, were enrolled in the study. After obtaining age-
appropriate written informed consent (Ann & Robert H. 
Lurie Children’s Hospital of Chicago IRB #2010–14117, 
2001–11715, 2008–13457), the JDM child and their twin 
were interviewed and examined in person by a pediatric 
rheumatologist experienced in JDM (LMP) and admitted 
to the study. The twins’ families were compensated with 
a $125 gift card. Eleven healthy control volunteers were 
enrolled in the study, also giving written age-appropriate 
informed consent (IRB #2001–11715), after screening to 
confirm the absence of medical illnesses. Each member 
of this control population was compensated with a $25 
gift card after case history, physical examination, nailfold 
capillaroscopy and blood studies were obtained.

Clinical assessment
JDM children were evaluated by a pediatric rheumatolo-
gist to assess the state of their disease activity by using a 
total disease activity score (DAS-T), which is divided into 
skin (DAS-S) and muscle (DAS-M) domains. In addi-
tion, physical therapists obtained the Childhood Myositis 
Assessment Scale (CMAS) to evaluate muscle strength. 
The CMAS ranges from 0 to 52, with a score of 52 indi-
cating full strength. However, for children younger than 
4 years old, a score of 46 indicates full strength [4]. Nail-
fold capillaroscopy was performed using a Nikon Coolpix 
p6000 digital camera and Dermlite2 Pro HR attachment. 
Photos of eight digits, excluding thumbs were captured 
by a research nurse, and nailfold capillary end row loops 
(ERL) were counted for all eight digits and averaged per 
mm, by a trained clinical research assistant, blinded to 
case-control status, utilizing Photoshop [6, 18].

Laboratory assessment
To evaluate disease activity, various laboratory tests 
were conducted, which included measurement of muscle 
enzymes, erythrocyte sedimentation rate (ESR), vWF: 
Ag, and serum neopterin. The assessment of serum neop-
terin was carried out using a competitive enzyme-linked 
immuno-sorbent assay [15]. JDM participants underwent 
flow cytometry assessment to examine CD45, CD3, CD4, 
CD8, CD16, CD56, and CD19. All the antibodies used in 
the flow cytometry tests were produced by BD Biosci-
ences, San Jose, CA. Additionally, MSAs were assessed 
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via immunoprecipitation and immunodiffusion at Okla-
homa Medical Research Foundation [19]. Soluble Endo-
glin, TGF-β, Angiopoietin2, CXCL11, and CXCL10 were 
assessed by the Meso Scale Discovery® technique [20].

Sample preparation and RNA-sequencing
PBMCs were isolated from whole blood using Ficoll gra-
dient density centrifugation and stored in liquid nitro-
gen until RNA extraction. Total RNA was obtained using 
the miRNeasy mini kit (Qiagen #217004) and quanti-
fied using a Qubit 3 with the Qubit RNA HS kit (Invit-
rogen #Q32852). Total RNA libraries were generated 
using a ribosomal depletion method (Takara SMARTer 
Stranded High-Input Mammalian Total RNA Sample 
Prep Kit; #634875). The raw data (FASTQ) was cleaned 
by trimming sequencing adapters and low-quality 
sequences using Trimmomatic v0.33 [21]. The cleaned 
data were aligned to the GRCh38 version of the human 

genome (primary contigs without alternative haplotypes) 
using Tophat v2.1.0 [22], and the number of reads for 
each annotated gene was counted using htseq-count in 
stranded mode v0.9.1. Finally, DESeq2 [23] was used to 
calculate differential expression after summing each bio-
logical sample’s total reads per gene.

Statistical analysis
T-test was used to compare the means of ERL and Meso 
Scale Discovery® data results between the study groups. 
IBM SPSS Statistics and GraphPad Prism 9 software were 
used to conduct statistics and generate the figures.

Results
Summary of cases history
A summary of the clinical history and laboratory finding 
at the time of assessment for each case is provided below 
and in Table 1.

Table 1 JDM patient clinical and laboratory characteristics at the time of sample
Reference Range JDM Twin 1 JDM

Twin 2
JDM Twin 3 JDM Twin 4 JDM

Twin 5
Age at presentation 5.58 3.71 5.30 9.40 2.5
Sex Male Female Male Male Female
Race White White White White White
Duration of untreated disease (months)a 1.87 3.94 17.02 2.4 7.5
MSA MJ (NXP2)+b p155/140 

(TIF1-γ)+b
Negativeb MJ (NXP2)+ p155/140 

(TIF1-γ)+ & 
Mi-2 inde-
terminate

Age at assessment 9.30 7.31 13.63 9.85 5.69
Current medicationsc OS, MTX IVIG none OS, MTX None
DAS-T 2.5 7 0 9 0
DAS-S 0 1 0 5 0
DAS-M 2.5 6 0 4 0
CMAS 49 47 52 ND 50
ERL (#/mm) [non-JDM twin ERL] ≥ 7 6.17 [7.73] 7.05 [7.72] 7.04 [6.00] 7.42 [8.04] 6.24 [6.5]
ESR (mm/h) 0–20 11 135 4 ND 17
Neopterin (nmol/L) < 10 5.7 8 6.1 6.6 6
vWF: Ag (%) 48-234d 151 153 67 152 192
CK (IU/L) 29-268e 93 377 87 ND 40
LDH (IU/L) 188-403f 412 ND 275 286 321
AST (IU/L) 18–57 34 ND 25 26 33
Aldolase (U/L) 3.4–8.6 ND 3.9 6.4 9.1 4.1
Total T cells 1051–3031 2186 1629 1472 1668
T helper cells (CD3 + CD4+) 548–1720 1133 872 846 1115
T cytotoxic cells (CD3 + CD8+) 332–1307 992 692 583 466
B cells (CD19+) 203–1139 458 106 428 986
NK cells (CD16+/CD56+) 138–1027 461 237 205 244
aduration of untreated disease refers to the period from the onset of symptoms to the initiation of medical therapy
bMyositis Associated Antibody: Ro indeterminate
cOS=oral steroid, MTX = methotrexate, IVIG = intravenous immunoglobulin
dall patients are blood type A
e reference range for CK by age: 6-9y; (age 6 m-5y = 81–279; 6-9y = 29–268;10-13y = 26–268)
f reference range for LDH by age: 3-6y; (age 7-11y = 188–358, ≥ 12y = 14–355)
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Twin set 1 A five-year-old male with a history of horse-
shoe kidney and tethered cord presented with muscle 
pain and progressive muscle weakness over four weeks. 
He also had difficulty swallowing. Along with elevated 
muscle enzymes, an MRI and muscle biopsy showed evi-
dence of myositis. He was started on oral prednisone and 
referred to a tertiary care center. Within three weeks of 
diagnosis, IV solumedrol pulse and weekly methotrexate 
were added to the treatment regimen. Skin rash was not 
observed until after treatment was initiated. The non-
JDM twin brother also has a history of horseshoe kid-
ney and tethered cord but did not have any JDM-related 
symptoms.

Twin set 2 A previously healthy 3-year-old female pre-
sented with a facial rash that eventually spread to joint-
related skin and then to a more generalized appearance. 
A month later, muscle weakness was noted as trouble 
walking and swallowing. Two months later, she was diag-
nosed with JDM with a positive MRI and elevated muscle 
enzymes. Initial treatment included an IV solumedrol 
pulse as well as IVIG. Her twin sister did not have JDM-
related symptoms.

Twin set 3 These male twins both presented with rashes 
over joints at age 5, initially diagnosed with eczema. Twin 
#1’s rash cleared, while the other twin’s rash persisted. 
Five months later, twin #2 was diagnosed with atopic der-
matitis and his rash worsened in the summer months for 
both twins, and again, only twin #1’s rash resolved. At age 
6.7 years, twin #2 was diagnosed with JDM, with weak-
ness noted around this time as well as abnormal nailfold 
capillaries. He also had both a positive MRI and skin 
biopsy. Twin #2 began treatment with alternate-day ste-
roids, IVIG, methotrexate, and the eventual addition of 
hydroxychloroquine. Twin #1 has intermittent rashes that 
resolve, but no other JDM-related symptoms.

Twin set 4 A previously healthy 9.5-year-old male pre-
sented with back pain, x-ray negative for fractures. The 
following day, he developed a persistent, red-raised rash 
after sun exposure. Days later, he developed arm and leg 
pain, progressive muscle weakness, and difficulty swal-
lowing. Within two months, a non-pruritic rash devel-
oped over joint-related areas. The diagnosis of JDM was 
made by MRI, elevated muscle enzymes, and positive skin 
biopsy. Muscle weakness was documented by a CMAS 
of 34 out of 52. Treatment was initiated with oral pred-
nisone and weekly methotrexate. Twin’s brother did not 
have JDM-related symptoms.

Twin set 5 A previously healthy three-year-old female 
presented with red cheeks with pimples after extensive 
sun exposure for eight weeks. Her twin sister did not have 

a rash. The primary care provider prescribed 1% hydro-
cortisone followed by 0.05% alclometasone dipropionate 
with little change in the rash. Muscle weakness was not 
reported by parents but was documented by the physi-
cian’s physical exam and a CMAS of 23 on the physical 
therapist’s assessment. JDM diagnosis was made after 
MRI, and treatment began with IV and oral prednisone 
and weekly methotrexate. Her twin sister had a positive 
anti-Mi-2 antibody and later developed abnormal ERLs 
and intermittent knee pain without arthritis. Whole 
genome sequencing (WGS) of the twins and their parents 
did not reveal any known pathological variants.

Nailfold capillary and cytokines assessment
The JDM twins had a significantly lower number of 
nailfold capillary ERL than the healthy control group 
(6.8 ± 0.6 /mm vs. 8.2 ± 0.7 /mm, p = 0.002). Surprisingly, 
the asymptomatic twin groups also had lower nailfold 
capillary ERL compared to healthy control (7.2 ± 0.9 /mm 
vs. 8.2 ± 0.7 /mm, p = 0.033), likely due to two non-JDM 
twins (twin numbers 3, 5) having decreased ERL, below 
the lower limit of normal (Fig.  1A). We next examined 
soluble endoglin and angiopoietin2. The serum endoglin 
was significantly lower in both JDM-twins and non-JDM 
twins than in the healthy control (Fig. 1B), but the angio-
poietin2 level was similar in all three groups (Fig. 1C). To 
examine the reason for low serum endoglin, we evalu-
ated serum TGF-β, which binds to endoglin. TGF-β was 
higher in the JDM twin than control (146.9 ± 19.9 pg/ml 
vs. 141.9 ± 4.9 pg/ml, p = 0.005) (Fig.  1D). Other cyto-
kines, such as CXCL10 and CXCL11, did not differ sig-
nificantly between the groups, possibly due to the small 
sample size and lack of disease activity in some of the test 
subjects (Fig. 1E, F). However, there was a positive cor-
relation between serum CXCL10 and DAS-T with r2 of 
0.75 (p = 0.05).

RNA-sequencing
We conducted RNASeq from the PBMCs of 3 sets of 
JDM and non-JDM twin pairs (twin numbers 1, 3, 5) doc-
umented differential expression. Due to the limited num-
ber of samples, the variance across the patient samples 
leads to a lower resolution of the differentially expressed 
genes. Nevertheless, differential gene expression analy-
sis revealed four genes that showed differential expres-
sion between JDM twins (case) with the non-JDM twins 
(control). These genes are DCD, KRT14, COL1A1, and 
COL3A1 (Fig. 2).

Discussion
In this study, we examined 5 sets of monozygotic twins 
discordant for JDM to explore potential disease-specific 
genetic dysregulation. Our results showed that JDM 
twins had higher mRNA expression of DCD, KRT14, 
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COL1A1, and COL3A1 than their non-JDM twin. These 
four genes play important roles in the structure and func-
tion of skin and connective tissues. DCD is a gene that 
codes for dermcidin, a protein primarily expressed in 
sweat glands, where it helps to protect the skin against 
infection by inhibiting the growth of certain bacteria 
and fungi [24]. DCD stimulated keratinocytes is shown 
to generate multiple cytokines and chemokines such as 
TNF-a and CXCL10 [25, 26], both of which are elevated 
in JDM [15, 27]. KRT14 is a gene that codes for keratin 
14, an intermediate filament essential for the skin’s struc-
tural integrity [28]. Pathogenic variants in KRT14 have 

been associated with epidermolysis bullosa simplex [28]. 
COL1A1 and COL3A1 code for collagen (type I alpha 1 
and type 3 alpha 1), which are part of the structural com-
ponent of the extracellular matrix in many tissues [29]. 
The differential expression of these genes in the twin 
PBMCs could suggest gene dysregulation on the WBC 
or the existence of other cells that express these mark-
ers, which are more typical of skin tissue. The utility of 
these markers for assessing disease activity is unclear and 
requires further investigation.

One interesting finding in our study was that one twin 
pair had concordant MSA—Mi-2, but only one twin met 

Fig. 1 Meso Scale measurement and nailfold capillary assessment. The JDM twin had significantly fewer nailfold capillary end row loops (ERL) than the 
healthy control, but to our surprised, two of the non-JDM twins had decreased ERL as well. The serum endoglin was significantly lower in both JDM-twins 
and non-JDM twins than in the healthy control. Serum TGF-β, which binds to endoglin, was higher in the JDM twin than control. Other cytokines did not 
differ significantly, which could be due to the small sample size
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the criteria for JDM. This finding suggests that other fac-
tors beyond MSA are necessary for the development of 
JDM. Alternatively, the asymptomatic twin could be in a 
preclinical phase of the disease, as seen in a lupus patient 
with ds-DNA antibodies and anti-smith antibodies test-
ing positive 2–4 years before disease onset [30]. Further-
more, two non-JDM twins had abnormal ERL counts, 
despite not meeting the JDM diagnosis criteria. Although 
abnormal ERL counts typically take time to evolve [31], 
they could be an early feature in select cases. We also 
evaluated angiogenic factors known to be abnormal in 
JDM, such as endoglin and angiopoietin2 [20, 26]. Our 
results showed soluble endoglin was lower in the JDM 
twin, which corresponded with elevated TGF-β levels. 
Soluble endoglin, an antiangiogenic molecule that binds 
to TGF-β, was also lower in both JDM and non-JDM 
twins, compared to the control. This finding suggests that 
dysregulated angiogenic factors due to vascular damage, 
as manifested by the loss of nailfold ERL in both the JDM 
twin and their presumably healthy twin control.

This study has several limitations, including the small 
sample size and variation in the state of inflammatory 
disease activity which does not permit sufficient explo-
ration of the varied mechanism of action of the identi-
fied genes. Recruitment relied on advertisements and 
word of mouth, potentially leading to the omission of 
some twins with JDM. Although the non-JDM twins 
were examined by a pediatric rheumatologist and had 
not been diagnosed with JDM at the time of enrollment, 
detailed laboratory testing for JDM was not performed 

on all non-JDM twins. ERL count was the only mea-
sure of nailfold capillary assessment used in this study; 
however, additional qualitative analyses, which could 
provide further insight into these changes, were not con-
ducted. Additionally, the healthy controls enrolled were 
not monozygotic twin pairs, making it unclear whether 
decreased end row capillary loop counts are associated 
with monozygosity.

Conclusions
In conclusion, JDM twins– both affected and two of 
the apparently healthy twins–had a significant loss of 
ERL density and decreased serum endoglin levels com-
pared to healthy controls. These findings suggest that the 
non-JDM twin may in fact be in a preclinical phase of 
an undefined inflammatory process. Further studies are 
needed to explore the role of the differentially expressed 
genes (DCD, KRT14, COL1A1, and COL3A1) in the 
pathophysiology of JDM.
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